T he consequences of land use, disturbance, and climate change in the world's ecosystems have created increased demand for remote sensing data at all scales. A wide range of information is needed to predict the consequences of climate change and to monitor carbon, water, and nutrient cycles, from land cover, land-use history, and estimates of standing biomass to succession, biodiversity, and sustainability. Traditional field-based sampling methods are prohibitively expensive and time-consuming at large spatial scales, and such methods are inadequate for today's needs. Satellite observations provide the only practical means to obtain a synoptic view of Earth's ecosystems, including their spatial distribution, extent, and temporal dynamics (Cohen and Goward 2004) .
by emphasizing biophysical interpretations that are based on quantitative measurements of physical properties.
Imaging spectrometers
Most landscapes are spatially and compositionally complex, which makes one-to six-band multispectral observations inherently underdetermined (Asner 1998) . Figure 1 (panels c and d) illustrates the similarity of five vegetation types measured by a multispectral Landsat instrument. When considering a landscape with mixed communities and variable plant densities, it is clear why more spectral information is desirable. Imaging spectrometers (sometimes called "hyperspectral" imagers because of their many narrow spectral bands) measure the reflected solar spectrum from 350 to 2510 nanometers (nm) with 150 to 500 contiguous bands of 5-to 10-nm bandwidths. The full spectra of these vegetation types (figure 1a, 1b) demonstrate the spectral variability among species and the enhanced information content in spectroscopy data relative to multiband data.
Spectroscopy from aircraft and satellites is a new field of research, established in the 1990s, that relies on measuring the interactions between matter and electromagnetic radiation to identify properties and processes at Earth's surface. There are currently more than a dozen operational airborne imaging spectrometers (Wulder 1998) , most of which are restricted to measuring the visible and near-infrared regions (400 to 1000 nm). However, a few airborne imagers (e.g., the Airborne Visible/Infrared Imaging Spectrometer [AVIRIS] , developed by the National Aeronautics and Space Administration [NASA] , and the commercial HyMap, developed by Integrated Spectronics Corporation, Australia) and spaceborne imagers (e.g., Hyperion on the EO-1 satellite) measure the spectrum from 400 to 2500 nm. AVIRIS, HyMap, and Hyperion have 224, 158, and 200 adjacent spectral bands, respectively. A number of other satellite instruments are planned for launch in this decade, including the European Space Agency's SPECTRA (Surface Processes and Ecosystem Changes through Response and Analysis) and a proposed Canadian imaging spectrometer. Although the numbers of these instruments and their data remain limited, they have demonstrated the power to provide ecological information that is unavailable from other technologies.
The absorbing and scattering properties of natural surfaces are defined by their chemical bonds and by their threedimensional structure, which determines their reflectance spectra. Analysis of the spectra of these surfaces permits spatial mapping of their biogeochemical features. Narrow spectral bands can measure many individual absorption features of interest to ecologists, such as pigment composition and content (Lichtenthaler et al. 1996, Gitelson and Merzlyak 1997) , canopy water content (Peñuelas et al. 1997 , canopy dry plant litter or wood (Roberts et al. 1993 , and other aspects of foliar chemistry (Curran 1989, Martin and Aber 1997) .
The wavelength region of optical observations extends from 400 nm in the visible to 2500 nm in the reflected solar infrared spectrum. The strong absorption of light by photosynthetic pigments in green foliage dominates the visible spectrum (400 nm to 700 nm; figure 1a). The detection of specific photosynthetic pigments, including chlorophyll a and b xanthophylls (e.g., violaxanthin, zeaxanthin), carotenes, and unique algal pigments (e.g., chlorophylls c and d, phycobilin), is an active area of research with great promise for future applications.
The near-infrared (700 to 1100 nm) is a region of high reflectance with limited biochemical absorption. Most absorption in this region involves water (at 870 and 1240 nm) and compounds typical of dry leaves; the latter are primarily cellulose, lignin, and other structural carbohydrates that have broad, weak absorptions across the region (figure 1a, 1b). Reflectance is dominated by multiple scattering of photons by the internal structure, air spaces, and air-water interfaces that refract light within leaves. The shortwave-infrared (1100 to 2500 nm) is another region of low reflectance and strong absorption, primarily by water in green leaves (figure 1a). In dry leaves, shortwave-infrared reflectance (figure 1b) is dominated by the presence of carbon compounds such as cellulose and lignin and by other plant biochemicals, including nitrogen, starches, and sugars that have overlapping absorbances in this region. Curran (1989) summarized the wavelength locations of bond vibrations for single (-) and double (=) bonds between carbon, hydrogen, nitrogen, and oxygen atoms (C-H, C-O, C-O-C, C=O, N-H, N=H, O-H, and O=H) that would be characteristic of these compounds. For example, N-H bonds have a first harmonic overtone at 1510 nm and a series of combination bands at 1980, 2060, and 2180 nm (Wessman 1990 ) and at 2054 and 2168 nm (Davies and Grant 1988) . Cellulose has a broad absorption feature at 2104 nm, but starch and hemicellulose also have absorptions in this region, which limits researchers' ability to uniquely identify these compounds (Kokaly 2001) . The simultaneous measurement of the full spectrum, however, provides the most powerful basis for identifying biochemical composition.
Calibration of spectra to apparent surface reflectance
The data from imaging spectrometers, like those from multiband imagers, are acquired as digital numbers or electronic counts that depend on the characteristics of the detector and the amount of energy received. These raw data are calibrated to produce a measure of radiance (watts per steradian per square meter [m 2 ]) by laboratory calibration of the detector response function. Although spectroscopy data can be statistically analyzed using either the digital numbers or the radiance values, the true power of these data is realized only when they are further processed to surface reflectance. This correction, though rarely applied to multispectral data, adjusts for sun and view angle effects and differences in atmospheric conditions. After calibration has produced a measure of surface reflectance, the data can be compared to field or laboratory spectra or to other image data sets for identification and analysis (figure 2). Calibration of data to reflectance permits analysis using searches for specific spectral signatures. Further, by standardizing the data to the incoming solar flux, it allows the detection of small changes in reflectance, often near the instrument noise level, which indicate a change in the abundance of specific materials.
The upper right panel in figure 2 shows the "true" upwelling spectral radiance measured at the top of the atmosphere. The middle panel illustrates raw data at the top of the atmosphere as measured by the sensor. These data must be calibrated to account for instrument performance, producing a simplified radiance spectrum (shown in the lower left panel) that approximates the true radiance. To make full use of the spectral data from an imaging spectrometer, the radiance data are calibrated to yield apparent surface reflectance using a radiative transfer model that accounts for the scattering and absorbing properties of gases in the atmosphere. The lower right panel in figure 2 shows the surface reflectance of the vegetated pixel after calibration, with the resulting spectrum closely matching a plant spectrum as measured in the field (figure 2, upper left panel).
Detection and mapping of canopy and soil biogeochemical properties
The goal of mapping biogeochemical properties in ecological studies is to provide information about ecosystem conditions, and particularly about the locations and types of environmental stresses. Because of the importance of photosynthetic function, most research has focused on the spectral properties of leaves and canopies that provide estimates of chlorophyll, water, dry matter, and nitrogen (Turner et al. 2004) . Senescent leaves follow a typical trajectory, with decreases in chlorophyll followed by losses of other pigments and water. Aging and stress increase reflectance over the visible and shortwave-infrared spectrum and decrease it in the nearinfrared. The difference in reflectance between the visible and near-infrared regions is the basis of vegetation indices (e.g., NDVI). However, using the full spectrum in a radiative transfer model (e.g., PROSPECT; Jacquemoud et al. 1995 Jacquemoud et al. , 1996 produces quantitative estimates of biochemical content.
Photosynthetic pigments
Loss of chlorophyll (chlorosis) increases reflectance across the visible and near-infrared spectrum and shifts the red edge (the long-wavelength edge of the chlorophyll absorption) toward shorter wavelengths (termed the "blue shift"). Rock and colleagues (1988) found a blue shift in spruce and fir sites exposed to atmospheric pollution, which they attributed to a decrease in chlorophyll b and total chlorophyll. Measuring the shift in wavelength position requires an instrument with 1-to 5-nm resolution, because the shift is often less than 25 nm.
Spectrometers can be used to detect relative levels of major plant pigment classes, including chlorophylls (green pigments), carotenoids (yellow-orange pigments), and anthocyanins (red-purple pigments). These pigment levels can indicate conditions of stress, assess photosynthetic activity, and map vegetation. Direct measurement of chlorophyll concentration requires controlling for variable leaf area. A number of studies have inverted linked leaf and canopy models to estimate chlorophyll content or separate chlorophyll and leaf area index (LAI) (Weiss and Baret 1999) .
Biochemical differences (e.g., pigment or water levels) can be used to map vegetation (figure 3). A variety of methods (e.g., spectral mixture analysis) can be applied to decompose landscapes into areas with different predominating component pigments. These areas can be recombined into images, as in figure 3 , in which chlorophylls, carotenoids, and anthocyanins are mapped separately and then composited. Additional dimensions can be provided by including other plant biochemicals (e.g., water). The resulting approach provides a powerful method for classifying vegetation, with different classes occupying different trajectories within the resulting multidimensional volume. This biochemical method has been successfully applied to map boreal forests ) and chaparral vegetation.
Subtle changes in pigment ratios-anthocyanin and chlorophyll-carotenoid ratios in particular-can reveal plant stress or altered photosynthetic activity. For example, the photochemical reflectance index was originally formulated to indicate diurnal interconversion of xanthophyll cycle pigments that are closely tied to photosynthetic activity (Gamon et al. 1992) . Recent work has demonstrated that over seasonal periods, this index measures relative levels of chlorophylls and carotenoids and reveals spatial and temporal patterns of photosynthetic activity for entire ecosystems (e.g., Rahman et al. 2001) . Because the component processes affecting these pigment indices are often confounded, interpretations should carefully consider the contributions of both physiological and structural components (Barton and North 2001) . Newer approaches involve the inversion of spectra in radiative transfer models and may yield improvements over index approaches, but these approaches remain difficult to apply in practice.
Plant water content
Remotely estimating canopy water content is important for assessing drought and predicting susceptibility to wildfire . The primary and secondary effects of water content on leaf reflectance are greatest in spectral bands centered at 1450, 1940, and 2500 nm (Carter 1991) ; with indirect or secondary effects at 400 nm; in the red edge at 700 nm (Filella and Peñuelas 1994) ; and with NDVI. Many band ratios have been proposed to estimate water content, including the normalized difference water index (NDWI; Gao 1996) and the plant water index (PWI; Peñuelas et al. 1997 ). Gao and Goetz (1995) calculated an equivalent water thickness (EWT; i.e., the depth of water across the pixel) by fitting a water spectrum across the feature centered at 980 nm (figure 4a). Zhang and colleagues (1996) and Sanderson and colleagues (1998) used this absorption feature to map canopy water content in salt marshes; Ustin and colleagues (1998) used it to map water content in a semiarid shrubland. Serrano and colleagues (2000) demonstrated that the PWI and NDWI were affected by canopy structure and viewing geometry, and Zarco-Tejada and Ustin (2001) the dependency of these indexes on leaf structure, dry matter content, and LAI. Accurate quantitative estimates of water content can be derived using the full spectrum analyzed in a radiative transfer model such as PROSPECT (Jacquemoud et al. 1995 (Jacquemoud et al. , 1996 or LEAFMOD (Leaf Experimental Absorptivity Feasibility Model; Ganapol et al. 1998 ) for broadleaf species, or LIBERTY (Dawson et al. 1998 ) for needleleaf species. Figure 4 illustrates seasonal changes in EWT for different vegetation types near Santa Barbara, California, measured by AVIRIS. Figure 4a shows the difference in EWT measured during a wet El Niño spring and late in the summer drought. Grasslands and shrublands have lower EWT in September than in May; both grasslands and shrublands have lower water content than the riparian oaks (primarily live oak, or Quercus agrifolia). Urban areas exhibit little seasonal change in EWT and are similar to the riparian oaks in water content. The EWT for five classes of land cover decreases as soil water balance (cumulative difference between precipitation and evapotranspiration) becomes more negative (figure 4b; Dennison and Roberts 2003a) . The AVIRIS data are shown for five dates, ranging from an extremely wet to an extremely dry period. The largest changes occurred while soil water balance remained positive: EWT decreased in ceanothus (Ceanothus spp.) by 1100 micrometers (µm) per pixel (400 m 2 ), in chamise (Adenostoma spp.) by 940 µm, and in introduced European grasses by 800 µm. Differences in the absolute amount of EWT are evident between communities and are related to differences in the amount of live green biomass (Serrano et al. 2000) . For example, ordering the plant communities by EWT, ceanothus and live oak are the highest, chamise is intermediate, and grasslands are the lowest, a finding that is consistent with the expected leaf area of these plants (Roberts et al. 1993 .
Dry plant residues
Estimates of aboveground carbon storage, including woody stems and plant litter (i.e., senesced leaves and stems), could improve predictions of ecosystem processes (Asner et al. , 1999 . For example, increases in the dry litter fraction have been used in tropical forests and grasslands to estimate environmental stresses (Asner et al. 2003) . The nutrient limitations of net primary productivity and carbon storage in humid tropical ecosystems have been estimated by combining LAI and dry residue indices (Asner et al. 1999) . Carbon absorption features (see figure 1 ; nonphotosynthetic vegetation between 2000 and 2200 nm) are detectable in spectroscopic data. In sparse semiarid forests, the low canopy cover permits direct detection of plant litter, making it easier to estimate stand characteristics, disturbance condition, physiological state, and biogeochemical processes (Treuhaft et al. 2004 ). In semiarid shrublands and savannas, the abundance of potential fuel, in the form of dry plant litter and wood, can be used to assess wildfire risk ). The spatial patterns of dry plant residues in shrub and grassland ecosystems (figure 5) can be used to provide indicators of climate change and desertification Costick 1999, Asner and Green 2001) .
Measures of structural carbon (cellulose, lignin, and other carbon compounds) provide a chlorophyll-independent estimate of biomass. Mapping concentrations of canopy lignin is a long-standing goal of biogeochemical research. However, the ability to obtain an independent measure of canopy lignin in spectroscopy data has been limited because of lignin's spectral similarity to cellulose and other cell wall materials. Using samples of ground dry leaves, Kokaly and Clark (1999) found smaller errors in estimates of lignin than in estimates of cellulose, although cellulose comprised a substantially larger fraction of dry weight. Other researchers studying fresh and dry leaves have had difficulty retrieving separate lignin and cellulose concentrations (e.g., Fourty and Baret 1998) but better results for lumped estimates of dry plant matter. Retrievals of dry plant residues require observations in the shortwave-infrared spectrum and are only measurable from high-fidelity, full-range imaging spectrometers (Roberts et al. 1993 , Jacquemoud et al. 1996 , Asner et al. 2003 . Variations in LAI, chlorophyll, dry matter, and water content interact to cause nonlinear changes (Jacquemoud et al. 1995 . Because changes in LAI have the greatest effect in the visible and near-infrared regions between 400 and 1300 nm, and dry plant residues have the greatest effect in the shortwaveinfrared region between 2000 and 2400 nm (Asner 1998) , observations of the full 400-to 2500-nm spectrum provide the best basis for quantitative estimates.
The quantity of dry plant material is a direct indicator of carbon production, turnover, and decomposition (heterotrophic respiration) (Turner et al. 2004 ). Asner and colleagues (2003) found that aboveground stocks of dry and live biomass were tightly coupled to soil organic carbon pools across a wide range of ecosystems in Argentina (figure 6). Because decomposition of surface litter is at least partially spatially and temporally correlated with soil decomposition and respiration, measures of non-green (i.e., nonphotosynthetic) plant material should help constrain soil carbon efflux. Recent studies (e.g., Högberg et al. 2001) demonstrate that recently fixed carbon, when available, contributes disproportionately to soil carbon efflux. Consequently, new studies are finding strong correlations between aboveground properties detectable with remote sensing (e.g., NDVI, water band) and ecosystem respiration (e.g., Boelman et al. 2003) . These findings contradict the idea that respiration is inaccessible from remote sensing (e.g., Valentini et al. 2000) .
Lidar, radar, and vegetation indices are relatively insensitive to ecosystems with the low biomass characteristic of semiarid systems (between 0 and 60 megagrams carbon per hectare [ha] ), because of these systems' low leaf biomass and discontinuous canopies (Treuhaft et al. 2004 , Wulder et al. 2004 . Estimates of dry plant residues using the shortwaveinfrared spectrum can help surmount these difficulties. Although arid and semiarid ecosystems (grassland, shrublands, savannas, and mesic woodlands) do not sequester large masses of carbon, and have low fluxes on a per-area basis, these ecosystems are the most abundant terrestrial landscapes, dominating about 40% of Earth's land surface, and are highly sensitive to climate perturbations. 
Soil properties
Soils are highly variable, dynamic components of the environment, and sustainability of soil resources is essential for ecosystem function. Soils comprise a major repository for biospheric carbon, and organic matter in topsoil is a good indicator of soil quality, soil erosion, and physical processes such as hydraulic conductivity and soil aggregation. In the semiarid western United States, clays are associated with greater weathering, and expansive clays such as smectite increase erosion and mass wasting on poorly vegetated slopes. Calcium carbonate is also associated with erosion potential. Organic matter and clay mineralogy are correlated with soil characteristics such as cation exchange capacity, soil acidity, and the decomposition and sequestration of nitrogen, phosphorus, and sulfur.
It has long been recognized that some soil properties have spectral features that can be detected using spectroscopy (BenDor et al. 1999 ). Baumgardner and colleagues (1985) identified five basic spectral shapes related to organic matter content, iron oxide content, and soil texture. Using factor analysis, Price (1990) and Huete and Escadafal (1991) found four basic combinations of soil properties. In general, soils, like plants, have only a few recognizable narrow absorption features. Soils typically have broad, shallow absorption features related to iron oxides and organic matter at wavelengths between 400 and 2500 nm. Reflectance decreases as organic matter increases. In soils with low levels of organic matter, the curve between 400 and 1000 nm is convex; in soils with high levels of organic matter, it is concave (Baumgardner et al. 1985) . Ferric or ferrous iron causes absorptions in the visible and nearinfrared spectra, particularly around 860 nm. In contrast to organic matter and iron oxides, various clay minerals (e.g., montmorillonite, kaolinite, illite, smectite) and carbonates have distinctive narrowband absorptances in the shortwaveinfrared region between 2000 and 2500 nm. Nonetheless, it is not simple to quantitatively estimate these soil properties. Soils are only accessible to airborne and satellite instruments in landscapes that have low vegetation cover. Typically, a first step to detecting soil properties is to mask vegetated pixels. Palacios-Orueta and , Palacios-Orueta and colleagues (1999) , Hill and Schutt (2000) , and Leone and Sommer (2000) have used vegetation masks, landform classes, and other hierarchical segregation methods to distinguish soil from vegetation.
Palacios-Orueta and showed that iron and organic matter content were the two main factors affecting spectral shape in soils from two valleys on the southern California coast. Palacios-Orueta and colleagues (1999) then used a hierarchical analysis to quantify soil organic matter and iron oxide concentrations from the same two valleys (figure 7), performing a two-step singular value decomposition that classified the soils first by their valley of origin and second by their concentrations of organic matter and iron oxides. The combined data were used to produce a map of the entire area. Despite complex topography and landscape heterogeneity, the results were within the range of measurement error obtained using standard wet chemical methods.
Mapping vegetation and land cover
Better discrimination of vegetation classes is obtained by measuring the many absorption features that narrow-band spectrometers can resolve. Because of its greater spectral dimensionality, spectroscopy discriminates among plant species more effectively than standard indices of vegetation and therefore has the potential to provide superior mapping capability. A number of studies have shown that community composition, and sometimes even species distribution, can be accurately mapped using imaging spectrometry. ZarcoTejada and Miller (1999) exploited systematic species differences at the BOREAS (Boreal Ecosystem-Atmosphere Study) forest site by focusing on wavelengths that are sensitive to foliar chemistry. Fuentes and colleagues (2001) used both water content and the abundance of different plant pigments (figure 3) to produce extremely accurate local vegetation maps. end-member analysis of AVIRIS data, in which the numbers and types of end-members were allowed to vary on a per-pixel basis . Edaphic controls on the community distributions are evident. Chamise, manzanita, and ceanothus are distributed in parallel bands across the front range of the San Ynez Mountains; oak woodlands are concentrated in riparian sites and grasslands in flatter terrain.
Mapping and monitoring the spread of invasive species is recognized as the first step in eradicating these dangerous pests. Leafy spurge (Euphorbia esula L.) is an aggressive weed that causes severe ecosystem impacts throughout the northern United States. Theodore Roosevelt National Park, in North Dakota, has a major infestation; the weed grows throughout the park, especially west of the Little Missouri River and its tributaries. In 1970, only 13 ha (out of a total of 19,021) were infested with leafy spurge, but by 1993, 1700 ha were infested. Two spectral methods were used to identify the locations of the weeds within the matrix of the native vegetation. The first method used a form of principal components analysis (minimum noise fraction, or MNF) to reduce noise and compress the information into a few orthogonal transformed bands. The data were also analyzed using a spectral matching technique called the spectral angle mapper (SAM), an algorithm that classifies the similarity of pixels relative to a reference pixel (here, the mean spectrum of leafy spurge). With the aid of field-based training data, thresholds were identified that produced a best estimate for leafy spurge (see grayscale images in figure 9 ). Figure 9 maps the distribution of leafy spurge in AVIRIS data (approximately 17-m pixels) and Hyperion data (approximately 30-m pixels) in the Little Missouri unit of Theodore Roosevelt National Park. The map on the upper right shows the distribution estimated from field studies and from composites of aerial photographs taken in 1993 and 1998. Leafy spurge increased its distribution along the Little Missouri River over this period. The riparian areas in the upper left of the field map, which showed leafy spurge infestation in 1993 but were not mapped in 1998, are areas where an integrated pest management program has controlled the spread of leafy spurge. The areas of leafy spurge infestation along the river in the field-based map are clearly identified in both the Hyperion and the AVIRIS images, although the color balance and the scaling of gray values vary somewhat between the two types of data. These examples illustrate the capability of imaging spectroscopy, operating from airborne or spaceborne platforms, to provide improved detail in maps of land cover.
Summary and future directions
Imaging spectroscopy is a cutting-edge technology, and its utility for ecological studies is virtually unlimited. A wide range of environmental applications have already been demonstrated, and analytical methods are becoming standardized. Data from imaging spectroscopy have repeatedly been shown to produce accurate estimates of many biochemical and physical characteristics related to key ecological processes.
Spectroscopy is the only technology available to measure many important environmental properties over large regions, particularly canopy water content, dry plant residues, and soil biochemical properties.
Many potential users of imaging spectroscopy in the research community still believe that the instruments are either too experimental or too difficult for typical academic research laboratories to use. Significant advances in software for image processing and calibration, including availability of commercial packages, have greatly reduced the difficulty of analyzing and interpreting spectroscopy data for novice users. Advanced algorithms such as the MNF and SAM methods are available in easy-to-use commercial packages, as are a large number of additional routines. A number of commercial and governmental instruments are currently available on airplanes and space platforms, and more are planned; therefore, obtaining data for particular sites is less challenging than in the past. Web-based tools for teaching imaging spectroscopy are under development at the Virtual Center for Spatial Analysis and Remote Sensing (http://vcsars.calstatela.edu). Finally, NASA's AVIRIS data are public domain, and thousands of scenes are available from the NASA Jet Propulsion Laboratory archive (http://aviris.jpl.nasa.gov), an easy-to-view, Web-based archive that provides a basis for locating data of interest for new users.
